The applicability of the PNA FISH (peptide nucleic acid fluorescence in situ hybridization) method for detection of Streptococcus agalactiae [group B streptococci (GBS)] from swab samples was evaluated. Three swab-sample-processing protocols with different time-to-result (TTR) values were compared: (i) direct smearing of fresh swabs onto microscope slides (n5153, TTR 2.5 h), (ii) further extraction and concentration of cells from these same swabs (n5153, TTR 2.7 h), and (iii) short-term LIM broth enrichment culture incubation (7 h, 37 6C) of fresh swabs (n5120, TTR 9.5 h). The sensitivity, specificity, positive predictive value and negative predictive value for GBS PNA FISH for sample processing procedures, with TTR values of 2.5, 2.7 and 9.5 h, were 68, 100, 100 and 95 %; 91, 100, 100 and 98 %; and 100, 100, 100 and 100 %; respectively. Improved test results were achieved by subjecting swabs to an extraction procedure or abbreviated LIM broth enrichment culture incubation prior to performing GBS PNA FISH.
INTRODUCTION
Streptococcus agalactiae, commonly referred to as group B streptococci (GBS), remains an important cause of preventable disease in newborns (Larsen & Sever, 2008) . Maternal colonization increases the risk of early onset disease of newborns, who contract the organism via amniotic or vaginal fluid during labour and birth. Estimates of maternal colonization rates range from 15 to 40 %, and vertical transfer rates during labour range from 40 to 70 % (Davies et al., 1999; Votava et al., 2001) . GBS infections in neonates typically become apparent as early onset disease in the first 7 days of life.
Despite intensive care efforts, mortality from GBS-related perinatal diseases, especially in preterm newborns, may exceed 20 % (Phares et al., 2008) . However, early onset disease can be effectively prevented by antibiotic prophylaxis given intravenously intrapartum (Larsen & Sever, 2008) . In order to identify chemoprophylaxis candidates the national strategy in the USA for the detection of GBS and the prevention of perinatal disease currently recommends a general GBS screening of all pregnant women at 35 to 37 weeks of gestation (Schrag et al., 2002) . By these means the incidence of invasive disease of newborns in their first 6 days of life decreased dramatically to 0.34 per 1000 live births in the USA (Phares et al., 2008) . To decrease this statistic further, limitations must be overcome in existing screening techniques. At present, determination of GBS colonization status is inconsistent due to limitations in the detection limit, as well as intermittent colonization or colonization in variable density leading to false-negative test results (Larsen & Sever, 2008) . Since the desired information of the colonization status should be available precisely at the time of labour in order to initiate intrapartum antibiotic prophylaxis, a highly sensitive and specific rapid-screening test with minimized time-to-result (TTR) is mandatory.
Prenatal culture-based strategies are considered the optimal method for GBS screening (Schrag et al., 2002) . Unfortunately, direct plating of swabs yields false-negative culture results in as many as 50 % of GBS colonized women (CDC, 1999) . Therefore, for GBS detection the use of overnight (18-24 h of incubation) selective broth enrichment (LIM broth) (Lim et al., 1986; Jones et al., 1983) followed by subculture on blood agar has been recommended (Schrag et al., 2002) . These culture-based screening methods may require up to 72 h before a final result is achieved. Efforts to minimize TTR have led to the development of molecular-based methods, such as realtime-based PCR (Edwards et al., 2008) (Montague et al., 2008) . The PNA FISH technique combines the simplicity of traditional staining procedures with the unique hybridization characteristics of peptide nucleic acid probes and provides specific detection of rRNA targets in bacterial and fungal pathogens (Stender, 2003) . GBS PNA FISH generally is used only in succession with an overnight culture-enrichment step to ensure a sufficient number of bacteria in exponential phase growth, as well as the concentration of rRNA targets per cell (Montague et al., 2008) . Here the practicability of GBS PNA FISH using three different sample processing protocols with reduced TTRs has been examined: (i) direct application of swabs onto slides (TTR 2.5 h), (ii) a swab extraction procedure (TTR 2.7 h) and (iii) abbreviated enrichment culture incubation of swabs (TTR 9.5 h).
METHODS
Strains and swab samples. Reference strains (n522), including the type strain of S. agalactiae as well as reference and type strains of other haemolytic Streptococcus spp. (n57) and of other bacterial species (n55) that can be typically isolated from the human vagina were obtained from various culture repositories (Table 1) . Bacteria were stored on ceramic beads (Microbank; Pro-Lab Diagnostics) at 270 uC using standard methods.
A total of 273 swabs were tested; 173 swabs were recovered from a hospital diagnostic laboratory including 103 vaginal and 70 cervical swabs. The remaining 100 swabs were of vaginal origin and were obtained from a gynaecological practitioner in Aachen, Germany. These samples were transported within 1 day to the laboratory and stored prior to use for up to 3 days at 4 uC.
General evaluation of GBS PNA FISH specificity. Twenty-two reference and twelve non-reference S. agalactiae strains were chosen to evaluate the specificity of GBS PNA FISH. The strains represented haemolytic and non-haemolytic phenotypes of different serotypes (Ia/c, Ib, II, III/R, IVa, V/R; Table 1), as well as S. agalactiae strains that were phenotypically similar, closely related phylogenetically or inhabiting the same anatomical site (Table 1) . Strains were thawed and cultured overnight on Columbia blood agar (Becton Dickinson). One colony was mixed with one drop of fixation reagent, smeared directly onto microscopic slides (AdvanDx), and then processed as described below.
Comparison of PNA FISH performed using swabs smeared directly onto slides with that performed after a concentration step. Vaginal and cervical swabs (diagnostic laboratory n553; gynaecological practitioner n5100) were rolled onto the reaction field of a sterilized slide (AdvanDx) and one drop of fixation reagent was added. Next, the tip of each swab was cut off and immersed in a sterile tube (Eppendorf micro test tube, 1.5 ml; Eppendorf) and filled with 300 ml 0.9 % (w/v) NaCl solution. Tubes were agitated for 5 min at 1400 cycles min 21 , centrifuged for 2 min at 17 000 g, and then 200 ml of the supernatants were discarded, and the sediments were resuspended in the remaining 100 ml supernatant. A total of 20 ml of this suspension was spotted onto a microscopic slide for GBS PNA FISH, 20 ml was spotted onto a microscopic slide for Gram staining, 20 ml was streaked onto a Columbia colistin-nalidixic agar (CNA; Merck), and 20 ml was added to 1 ml LIM broth (Todd-Hewitt broth supplemented with nalidixic acid and colistin; Becton Dickinson). In preliminary experiments using 8 GBS strains of different serotypes we determined the limit of detection to be 10 000-18 000 bacterial cells per 20 ml sample (positive result determined by detection of ¢5 cells in 40 microscopic fields at 6400 magnification). LIM broth and CNA were incubated overnight at 37 uC in ambient air. After overnight incubation CNA plates were primarily evaluated for growth of GBS colonies (small zones of b-haemolysis, colony colour grey to whitish and glistening). Species identification of presumed GBS colonies was achieved as described below. Further subculture of an aliquot of the LIM broth enrichment onto CNA plates was used as the gold standard.
Evaluation of GBS PNA FISH performed from 7 h LIM broth enrichment. In preliminary experiments we found that an inoculum of 10 2 bacterial cells per 5 ml LIM broth could be unambiguously detected by PNA FISH after 7 h of broth incubation, when testing with eight GBS strains of different serotypes (Ia, Ib, Ic, Ib/c, II, III, III/ R, IV). This is an approximately 110-fold increase in sensitivity when compared to direct analysis without pre-enrichment. Therefore, the 7 h incubation period was chosen for the short-term LIM broth enrichment experiments.
Evaluation of a 7 h LIM broth enrichment step was performed by adding 1 ml LIM broth to sterile 1.5 ml micro test tubes (Eppendorf), and cutting off the tips of 120 swabs (vaginal n5100, cervical n520; obtained from the diagnostic laboratory) and placing them into the tubes under sterile conditions. The reaction tubes with the immersed tips were placed in a shaking incubator (Thermomixer; Eppendorf) for 7 h at 37 uC with slight shaking in the first 15 min at 900 cycles min 21 . After centrifugation (2 min at 200 g) and removal of the swab tips, the GBS PNA FISH test was performed as described below using 20 ml resuspended LIM broth sediment. Furthermore, one drop of the resuspended LIM broth sediment was placed onto a slide for Gram staining, and a second drop was cultured on CNA (overnight at 37 uC). Incubated CNA plates were screened for the presence of colonies suspected to be GBS as already described. The LIM broth was further incubated for 24 h and subcultured again onto CNA as the gold standard.
Species identification. Species identification of presumed GBS colonies was achieved by performing a Gram stain, catalase reaction test (ID-ASE; bioMérieux), negative pyrrolidonyl arylamidase spot paper test (PYRase) (Kaufhold et al., 1989) , CAMP (Christie-AtkinsMunch-Petersen) test (Bae & Bottone, 1980) and by serogrouping using a Streptococcus grouping latex kit (Prolex; Pro-Lab Diagnostics). In case of any doubtful results a biochemical-based identification (API Rapid ID 32 Strep; bioMérieux) or sequence analysis of a partial 16S rDNA PCR amplicon was performed.
GBS PNA FISH. A pre-marketing GBS PNA FISH kit containing fixation solution, PNA probe, wash buffer and mounting medium was used (AdvanDx). Swabs or 20 ml LIM broth were placed onto a microscopic slide, one drop of fixation reagent was added, followed by air drying and heat fixation. Next, slides were immersed in 96 % (v/v) ethanol for 5 min and air dried again. After adding one drop of the probe and mounting with a coverslip, hybridization was performed by incubating slides at 55 uC for 90 min in a slide incubator (SM 30; Shepreth). Slides were then placed in a wash jar containing diluted (1 : 60) and preheated (55 uC) wash buffer in a water bath (Isotemp 202; Fisher Scientific) for 30 min. After mounting and adding a new coverslip, slides were evaluated using a fluorescence microscope (DMRB; Leica Microsystems) equipped with an FITC/Texas red dual band pass filter at 6400 and 61000 magnification. Positive results were determined by the presence of green fluorescent organisms. Representative fluorescence images (Fig.  1a , b, i) were obtained with a DP70 CCD (charge-coupled device) camera (136061026 pixels, 1 s exposure) at 6600 magnification with an oil objective. Transmitted light images of Gram stains (Fig.  1a, b , ii) were taken using transmitted light with a 6100 oil objective.
RESULTS AND DISCUSSION
PNA probes are a synthetic mimic of DNA, providing a molecular design that enables superior penetration of the probe through the cell wall and hydrophobic bilayer of the target organism. As with DNA FISH, morphological integrity of the micro-organism is retained, thereby facilitating morphological diagnosis; however, unlike DNA FISH, the hybridization time is significantly shorter (Stender et al., 2002) . In this study, PNA FISH technology proved to be highly sensitive for GBS screening (68 to 100 % by three different methodologies) achieving positive results for all different serotypes tested as well as for haemolytic and non-haemolytic isolates (Table 1 ). All known serotypes of GBS can lead to fatal diseases in newborns, such as neonatal pneumonia, sepsis and meningitis (Wilkinson et al., 1973b) . Serotypes Ia, Ib, II, III and V account for 96 % of neonatal cases of GBS invasive disease (Phares et al., 2008) , whereas nonhaemolytic isolates are mostly of non-human origin and are rarely isolated from human infections (Wilkinson et al., 1973a) . These non-haemolytic strains are difficult to identify, yet were accurately detected by GBS PNA FISH. Furthermore, there were no false-positive results with GBS PNA FISH for bacterial type strains of closely related streptococcal species or other bacteria typically encountered in genital swabs from women (Table 1 ; n512).
GBS PNA FISH performed directly on 153 swabs revealed 15 positive and 138 negative test results. No false-positive results were reported. Five of these negative samples were found to be GBS PNA FISH positive after retesting the extraction concentrate. Two of the negative samples that were also GBS PNA FISH negative after retesting the extraction concentrate revealed growth of GBS after further enrichment of the extraction concentrate in LIM broth for 24 h at 37 u C and consecutive subculture onto CNA plates. Thus, considering subculture of 24 h LIM broth enrichment as the gold standard, the calculated sensitivity and specificity of GBS PNA FISH performed directly from swabs without extraction were 68 % (15/22) and 100 % (131/131), respectively, whereas the respective values for GBS PNA FISH performed after extraction of swabs were 91 % (20/22) and 100 % (131/131) ( Table 2) . Representative images obtained from GBS PNA FISH of a swab smeared directly onto a slide (Fig. 1a, i ) in comparison to its extraction concentrate (Fig. 1b, i) clearly highlights the effectiveness of swab concentration.
The relatively low sensitivity (68 %, Table 2 ) for GBS detection by directly rolling swabs onto slides may be in part due to the delay before processing the swabs or loss of cells when streaking the swabs on solid culture media. Bacteria tested directly from swabs are generally detectable by GBS PNA FISH, indicating that the concentration of 16S rRNA targets per bacterial cell is sufficient and does not necessarily require stimulation by culture. An enrichment step is clearly beneficial as shown by an increase in sensitivity and should be performed when the clinical situation allows it. It was not determined whether the samples that tested negative were not detectable due to reduced target levels (possibly as a result of sample storage for up to 3 days), or simply contained too few cells to produce a positive result.
To obtain optimal sensitivity, it is recommended that swabs be processed immediately after collection. It should be clear from the results shown in Fig. 1(b) that the extraction method resulted in a marked increase in the recovery of organisms from the swabs. These results demonstrate that testing an extraction concentrate from swabs after prior rolling onto slides increased GBS detection sensitivity by approximately 20 % (68 vs 91 %) ( Table 2) . We suspect this extraction may be further enhanced by using improved swab extraction tools such as S.E.T.S (Roche Applied Science).
Short-term LIM broth enrichment culture (7 h, 37 u C) of 120 swabs revealed 17 positive and 103 negative GBS PNA FISH results. All samples that tested positive revealed growth of GBS after overnight incubation in LIM broth and subculture onto CNA plates. All samples that tested negative remained culture negative even after 48 h of LIM broth enrichment followed by subculture. The sensitivity, specificity, positive predictive value and negative predictive value for GBS PNA FISH from 7 h LIM broth enrichment culture were 100 % (17/17), 100 % (103/103), 100 % (17/ 17) and 100 % (103/103), respectively (Table 2 ). In order to achieve both optimal sensitivity and a TTR that meets the demands of the clinician, abbreviated LIM broth enrichment incubation provides a helpful diagnostic alternative, particularly in settings with high volumes of samples and limited staff. An incubation period of 7 h was chosen based on preliminary experiments that revealed positive Gram staining results from a LIM broth inoculum of 10 5 c.f.u. GBS ml 21 within 7 h at 37 u C. By these means, GBS screening sensitivity could be significantly increased up to 100 % (Table 2 ). Therefore, swabs should be subjected to an enrichment culture in order to achieve optimal GBS screening sensitivity when the clinical situation allows it.
Since this work was performed, the GBS PNA FISH assay has been further optimized, the test now requires only a 30 min hybridization step, reducing the TTR for this entire process by 1 h (Montague et al., 2008) . In the near future there will be an ongoing competition between enhancedculture techniques and molecular-based detection of GBS in order to achieve both optimal sensitivity and rapid TTR. Optimal sensitivity screening is critical in detecting the colonization of GBS in pregnant women. However, this cannot be achieved by improving the processing of specimens; specimen recovery must be improved as well. Therefore, an important task is to increase bacterial recovery from swabs. Implementation of guidelines for collecting specimens and adherence to these guidelines is also important, and might also improve detection sensitivity of GBS. So, it can be speculated that enhanced release and recovery capabilities of swabs can further optimize GBS screening sensitivity. For example, in one study, specimen collection with the new eSwab (Copan Diagnostics), a nylon-tipped swab prepared by spray-on flocked fibre technology, resulted in a 10-fold greater recovery rate of micro-organisms compared to conventional swabs with rayon or Dacron fibres (Van Horn et al., 2008) .
Since mortality of GBS sepsis in neonates may exceed 20 % (Phares et al., 2008) , it is mandatory to apply a highly sensitive screening method in order to identify GBS carriers with low levels of colonization (Larsen & Sever, 2008) . Although laboratory methods for identification of GBS colonization in pregnant women have been constantly improved over the past 70 years, there is still a demand for further enhancement of accuracy and sensitivity, as well as reduction of the TTR. Since 24 h LIM broth enrichment, followed by subculture, can increase the recovery rate of GBS from swabs up to 20 % (Elsayed et al., 2003) , current Centers for Disease Control and Prevention recommendations for GBS screening include a selective broth enrichment step with subsequent subculture on a sheep blood agar plate (Schrag et al., 2002) . By these means, maximal recovery of any GBS organisms that are present in the specimen should be ensured. However, a solely culturebased diagnostic is hampered by a TTR of as much as 72 h, since definite species identification by biochemical profiling or a CAMP test requires an additional overnight incubation. Thus, in cases in which GBS carriage status is unknown at the time of labour, this procedure cannot provide results rapidly enough in order for appropriate chemoprophylaxis to be initiated. In recent years, culturebased methods have been accelerated by modifying Granada media to indicate growth of GBS by production of an orange pigment in about 70 to 80 % of samples (Block et al., 2008) , or by chromogenic media that indicates growth of GBS by development of a specific colour (Tazi et al., 2008) . These methods, however, still require overnight incubation, and there is still a need for a more sensitive and accurate diagnosis of carriers with a shorter TTR. 
